Defective RNAs (D-RNAs) ranging in size from 1968 to 2759 nt were detected in four citrus tristeza virus (CTV) isolates by hybridization of electroblotted dsRNAs with two probes specific for the 5h-and 3h-terminal genomic regions. The RNAs that hybridized with both probes were eluted, cloned and sequenced. Comparison with the sequences of the corresponding genomic regions of the helper virus showed, in all cases, over 99 % nucleotide identity and direct repeats of 4-5 nt flanking or in the vicinity of the junction sites. The presence of the repeats from two separate genome locations suggests a replicase-driven template switching mechanism for the generation of these CTV D-RNAs. Two of the CTV isolates that differed greatly in their pathogenicity contained an identical D-RNA, suggesting that it is unlikely that this D-RNA is involved in symptom modulation, which may be caused by another factor.
RNA with 12 open reading frames (ORFs), which potentially encode at least 17 proteins, including the replication-associated proteins, a homologue of the HSP70 proteins, the two coat proteins and several protein products of unknown function (Pappu et al., 1994 ; Karasev et al., 1995 ; Mawassi et al., 1996) . The two 5h-proximal ORFs are translated from the genomic RNA. The 5h-most ORF encodes a polyprotein containing two papain-like proteases, and methyltransferase and helicase domains. The downstream ORF 1b encodes an RNA-dependent RNA polymerase and is expressed by a j1 frameshift mechanism . The other ORFs are expressed through 3h-coterminal subgenomic mRNAs (sgRNAs) .
Plants infected with Israeli CTV isolates have been shown to contain defective RNAs (D-RNAs) consisting of variable portions of the 5h-and 3h-terminal genomic regions, as well as extensive internal deletions (Mawassi et al., 1995 a, b ; Yang et al., 1997 a, b) . In previous works (Guerri et al., 1991 ; Moreno et al., 1990 , we have observed that plants infected with various Spanish CTV isolates contained double-stranded RNAs (dsRNA) that were smaller than the genome replicative form (RF), the size of which differed from that expected for the RFs of sgRNAs . The dsRNA pattern was sometimes altered after graft or aphid transmission to a new host (Moreno et al., 1993 a, b) . In this work, we have isolated and characterized four of these dsRNAs and shown that they are the RFs of D-RNAs. Comparison of their sequences with that of the genomic RNA suggests a possible mechanism for the generation of these D-RNAs.
CTV isolates T32, T317, T318 and T411 belong to a collection kept at the Instituto Valenciano de Investigaciones Agrarias. Isolates T32, T317 and T411 were subcultures obtained from a single field isolate (T385) after graft transmission to citron (Citrus medica L.) and they differed in their dsRNA pattern . These three isolates induced mild to moderate symptoms in Mexican lime [Citrus aurantifolia (Christm.) Swing.] but were symptomless in citron (Moreno et al., 1993 a, b) . Preparations enriched in dsRNA were extracted from CTVinfected bark of sweet orange or citron with buffer-saturated phenol and fractionated by chromatography on non-ionic cellulose as previously described (Moreno et al., 1990) . To localize putative D-RNAs, the dsRNAs were separated by PAGE, electroblotted onto nylon membranes (Hybond-N ; Amersham) and hybridized with RNA or DNA probes specific for the 5h or 3h termini of the CTV genome, respectively. The 5h-terminal RNA probe included the first 875 nt of isolate T36 and was generated from clone h15 (kindly provided by A. V. Karasev, University of Florida, Lake Alfred, FL, USA ; Karasev et al., 1995) by transcription with T3 RNA polymerase (Ambion) from a recombinant pBluescript SK(j\k) plasmid (Stratagene) using DIG-11-UTP (Boehringer Mannheim) in the nucleotide mixture. The DNA probe for the 3h terminus, which included the last 291 nt of the CTV isolate T36, was DIG-labelled by PCR using primers PM2 and RF138 (Table 1) .
The dsRNAs reacting with 5h-and 3h-terminal probes were eluted, denatured with 10 mM methylmercuric hydroxide and polyadenylated using yeast poly(A) polymerase (US Biochemical). After phenol-chloroform extraction and ethanol precipitation, the polyadenylated RNAs were reverse transcribed with SuperScript II reverse transcriptase (Life Technologies) using primer PM1 for isolates T317 and T411, or primer M111 for isolates T32 and T318 (Table 1) . Primer M111 contained a XhoI restriction site . PCR amplification was performed with the same primer used for retrotranscription, in a 50 µl reaction volume containing 2 µl cDNA, 10 mM Tris-HCl pH 9n0, 50 mM KCl, 0n1% Triton X-100, 1n5 mM MgCl # , 0n4 mM dNTPs, 200 ng primer and 2 U Taq polymerase (Life Technologies). After denaturing the template at 94 mC for 3 min, amplification was carried out for 30 cycles of 30 s at 94 mC, 20 s at 55 mC and 3 min at 72 mC, followed by a 5 min extension at 72 mC. PCR products of the expected size from isolates T317 and T411 were directly cloned in the linearized and thymidylated pT7Blue(R) vector (Novagen) by standard protocols. Products from isolates T32 and T318 were digested with XhoI and cloned into the plasmid pBluescript SK(j\k) digested with XhoI. The nucleotide sequence of the inserts was determined in both directions using vector-specific primers and others complementary to internal regions of the CTV cDNA (Table 1) . To determine the genomic sequences flanking the D-RNA junction sites, the fulllength dsRNA from the same gel was extracted, polyadenylated and the corresponding 5h and 3h regions were sequenced. The cDNA was obtained by RT-PCR using primers PM1 and RF117 for the 5h region and PM2 and RF116 for the 3h region (Table 1 ). The nucleotide sequences of each D-RNA and those from the full-length RNA of the helper virus were compared using the GAP program of the GCG package (Devereux et al., 1984) . Fig. 1 shows the Northern blot profiles of the four CTV isolates. The 3h-terminal probe hybridized with all the dsRNAs ranging in size from 0n9 to 20 kbp (RF), whereas the 5h-terminal probe hybridized only with the full-length dsRNA and with one or two of the more rapidly migrating dsRNAs. The dsRNAs hybridizing only with the 3h-terminal probe were most likely RFs of messenger sgRNAs and are 3h-coterminal , whereas those also hybridizing with the 5h-terminal probe contained both genomic RNA termini and were presumably the RFs of D-RNAs. T32, T317 and T411 contained only one major D-RNA, whereas T318 contained a IBI (a) (b) Fig. 1 . Northern blot hybridization analysis of CTV-specific dsRNAs from isolates T32, T317, T318 and T411 using probes for detecting the (a) 5h-and (b) 3h-terminal regions of the genome. White arrowheads indicate bands corresponding to D-RNAs characterized in the present study ; black arrowheads on the right mark the RF of the full genome and of the two smallest subgenomic RNAs (sgRNA p20 and p23).
D-RNA of the same mobility as that of T317 and a second D-RNA of a larger size (Fig. 1) .
Sequence analysis of the four CTV D-RNAs (Fig. 2 ) revealed that they contained both genomic RNA termini but had extensive internal deletions of about 17 kb (85-89 % of the genome). The D-RNA from isolate T411 (D-RNA411) comprised 2759 nt, 1624 and 1135 nt from the 5h and 3h termini, respectively, and encompassed the 5h untranslated region (UTR) and a minor segment of ORF 1a in the 5h side, and the 3h UTR, the p23 gene and part of the p20 gene in the 3h side (Fig. 2) . Alignment with the T411 genomic sequence showed that the tetranucleotide AAGC at the junction site was present in both the 5h and 3h genomic RNA moieties (Fig. 2) . The DRNAs from isolates T317 and T318 (D-RNA317 and D-RNA318) were almost identical and were composed of 1970 and 1968 nt, respectively, encompassing the 5h and 3h UTRs, a small portion of ORF 1a and part of the p23 gene. Again, the tetranucleotide UGGU at the junction site was present in both the 5h and the 3h moieties of the genomic RNA (Fig. 2) . D-RNA32 comprised 2104 nt, encompassing the 5h UTR and a small portion of ORF 1a at the 5h side, and the 3h UTR and part of p23 at the 3h side. In this case, only a dinucleotide (CU) marked the junction site, although the pentanucleotide CUUUC was found close to it in the 5h and 3h moieties of the genomic RNA (Fig. 2) .
Sequence comparison between these D-RNAs and the corresponding regions in the CTV genomic RNA showed nucleotide identities of over 99 % in all cases. However, a characteristic common to the four D-RNAs was the presence of nucleotide insertions or substitutions generating stop codons. Indeed, only D-RNA411 contained a complete ORF (ORF 11) with the potential to be expressed via an sgRNA. The detailed structure of these CTV D-RNAs can be found under EMBL accession numbers Y18368-Y18371.
Three general RNA recombination mechanisms have been suggested : RNA breakage and ligation, replicase-driven template switching and breakage-induced template switching (Nagy & Simon, 1997) . The presence in the genomic RNA of direct repeats of 4-5 nt flanking or in the vicinity of the junction sites in the four CTV D-RNAs (Fig. 2) suggests that they might have been generated by a template switching mechanism in which the replicase with the nascent strand would dissociate from the template and, after annealing at a different location, would resume RNA elongation. Similar situations have been observed in D-RNAs of other plant viral RNAs such as the L component of tomato spotted wilt virus (Resende et al., 1992) and the RNA 2 of tobacco rattle virus (Herna! ndez et al., 1996) , as well as in the recombination between RNAs 2 and 3 of brome mosaic virus (Nagy & Bujarski, 1995) and in the progeny of two artificially created tobacco mosaic virus subgenomic replicons (Raffo & Dawson, 1991) . Pausing of the polymerase, usually caused by secondary structure elements, is presumed to facilitate template switching (Nagy & Simon, 1997) . Indeed, computer simulation with the MFOLD program (Zucker, 1989) predicted stable stem-loop structures around the four recombination sites (not shown).
The junction sites of previously characterized CTV DRNAs of 2n3, 4n5 and 2n4 kb were not flanked by direct repeats in the genomic RNA, and the third one had an insertion of 14 nt of non-viral origin (Mawassi et al., 1995 a, b ; , making it difficult to speculate on their mechanism of generation. However, the structure of other CTV D-RNAs, which had 3h moieties of the same size and sequence as the ORF 11 sgRNA (Yang et al., 1997 b) , suggests that they were probably generated by a breakage-induced template switching mechanism. Furthermore, the presence of an extra C at the junction site, corresponding to the extra G in the 3h terminus of the minus-strand of this sgRNA, supports a minus-strand jumping model (Yang et al., 1997 b) . The junction sites of the four CTV D-RNAs characterized here do not resemble those described previously. Therefore, our results suggest that CTV IBJ M. A. Ayllo! n and others M. A. Ayllo! n and others ORFs and the potentially encoded protein products . Diagrams of the structures of the D-RNAs from CTV isolates T411, T317 and T32 are shown in (b), (c) and (d), respectively, showing the nucleotide sequence at the junction site (boxed) and at the flanking regions of the full-length (FL) genomic RNA. The approximate initiation site of the subgenomic RNA corresponding to p23 is shown in (b). Uppercase letters refer to genomic sequences making up the D-RNAs and dots indicate nucleotide identity. Underlined letters denote a pentanucleotide direct repeat in the vicinity of the junction site of D-RNA from isolate T32 ; adjacent or very close to the 3h terminus of this pentanucleotide there is an additional tetranucleotide direct repeat GCGC (overlined).
D-RNAs may also be generated by a template switching mechanism facilitated by the presence of repeated sequences located in two genomic regions. This might be a common mechanism since our CTV D-RNAs were selected solely on the basis of their high titre.
The presence of D-RNAs in virus-infected plants can reduce accumulation of the helper virus and induce attenuation (Hillman et al., 1987 ; Scholthof et al., 1995) , intensification (Romero et al., 1993) or result in no modification of symptom expression (White et al., 1991 ; Graves & Roossinck, 1995) . Modulation of CTV symptoms caused by D-RNAs has not been demonstrated so far. However, the diversity of CTV symptoms Roistacher & Moreno, 1991) and the frequent occurrence of D-RNAs among CTV isolates, makes it conceivable that these molecules might modify symptom expression. In the present study, isolates T317 and T318 were selected because they contained one similarly sized D-RNA while greatly differing in their pathogenicity. Since the similarly sized D-RNAs of the two isolates have identical nucleotide sequences, we can conclude that this D-RNA is not the primary cause of the increased pathogenicity in T318. The change in pathogenicity might be caused by changes in the population of genomic RNAs or by the other observed D-RNA (Fig. 1 a) . Positive proof of involvement of D-RNAs in symptom modulation would require a comparison of plants inoculated with virus from an infectious CTV genomic cDNA clone alone or with RNA from a D-RNA cDNA clone. A cDNA clone from a CTV D-RNA has already proved to be infectious in the presence of the helper virus .
